To test the hypothesis that mitral valve prolapse may be due either to billowing of mitral leaflets into the left atrium or to dynamic expansion of the mitral anulus, mitral leaflet and annular dimensions and motion were measured by computer-assisted two-dimensional echocardiography in 35 normal adults and 48 subjects with auscultatory and M-mode echocardiographic evidence of mitral prolapse. Among normal subjects, mitral leaflet and annular dimensions tended to be larger compared with body size or left ventricular size in women than in men.
Mitral Valve Dimensions and Motion and Familial Transmission of Mitral Valve Prolapse With and Without Mitral Leaflet Billowing
To test the hypothesis that mitral valve prolapse may be due either to billowing of mitral leaflets into the left atrium or to dynamic expansion of the mitral anulus, mitral leaflet and annular dimensions and motion were measured by computer-assisted two-dimensional echocardiography in 35 normal adults and 48 subjects with auscultatory and M-mode echocardiographic evidence of mitral prolapse. Among normal subjects, mitral leaflet and annular dimensions tended to be larger compared with body size or left ventricular size in women than in men.
Mitral leaflet billowing was observed in 24 (50%) of 48 patients with mitral prolapse and 0 of 35 normal subjects (100% specificity). The 24 patients without leaflet billowing had greater systolic expansion of the mitral anulus (p < 0.0001) than did normal adults or patients with leaflet billowing (41 ± 14% versus 27 ± 12% and 22 ± 11%, respectively) and a significantly lower body mass index (p <
versus normal group). The ratio of anterior plus
Mitral valve prolapse is the most prevalent abnormality of human heart valves, affecting 2:4% of the population (I), with evidence favoring its being inherited as an autosomal dominant condition with age-and gender-dependent expression of one or more genes (2) (3) (4) . Strong statistical associations have been documented between classic auscultatory and echocardiographic features by which mitral valve prolapse is diagnosed and other clinical findings, notably low body weight and blood pressure (5, 6) , thoracic bony abnormalities (7-10), orthostatic hypotension (11,12) and pal pita-< 0.000002).
These findings suggest that mitral valve prolapse occurs in two phenotypic patterns, characterized by either mitral leaflet billowing or dynamic systolic expansion of the mitral anulus in association with lean body build, which appear to represent geneticaUy distinct entities of as yet unknown molecular cause. Furthermore, the larger mitral leaflets and anulus in relation to body size in normal women may contribute to the more consistent expression of mitral prolapse genes in women.
(J Am Coli CardioI1988; 12:1423-31) tion (8). However, marked heterogeneity exists among subjects with mitral valve prolapse, not only in regard to the presence or absence of these clinical features but also with respect to the risk of complications (13, 14) . It was suggested by Barlow and Pocock (15) that mitral valve abnormalities may also be heterogeneous in patients with auscultatory and echocardiographic evidence of mitral valve prolapse. They proposed that systolic protrusion of the mitral leaflets into the left atrium ("billowing") and loss of cusp apposition related to mitral anulus dilation ("prolapse") may occur independently or together in varying degrees in such patients. Similarly, during review of twodimensional echocardiograms on patients with a typical click, murmur and M-mode echocardiographic evidence of mitral valve prolapse, we have observed that mitral leaflet tissue moved superiorly into the left atrium during systole in some patients, whereas in others abnormal motion appeared to be more posteriorly directed.
In response to these observations, the present study was
undertaken to use computer-assisted quantitation of mitral leaflet and anulus dimensions and motion from two-dimensional echocardiograms to determine whether mitral valve abnormalities were uniform or heterogeneous in patients with mitral valve prolapse diagnosed by conventional criteria, to relate mitral valve findings to other phenotypic features of mitral prolapse and to determine whether the observed patterns of mitral valve prolapse "ran true" in families.
Methods
Study patients. One hundred thirty-six subjects were randomly selected from the population enrolled in a prospective study of mitral valve prolapse. This study, performed after informed consent was received under a protocol approved in 1979 and at regular intervals thereafter by the Committee on Human Rights in Research of Cornell University Medical College, evaluated patients with mitral valve prolapse, affected and unaffected relatives and spouses and other control subjects without mitral valve prolapse with methods previously described in part (3, 8) . Eighty-three subjects (61 %) had a two-dimensional echocardiogram of superior technical quality suitable for the quantitative analyses to be described. The control group included 35 subjects (23 women and 12 men; mean age 37 years [range 17 to 65]) who showed no evidence of mitral valve prolapse or other cardiovascular diseases on echocardiographic and clinical examination, including auscultation in multiple positions and during isometric handgrip exercise. In the 48 study patients (32 women and 16 men; mean age 34 years [range 16 to 65]), a clinical diagnosis of mitral valve prolapse was made by standard M-mode echocardiographic criteria (described later) supported in most instances by the presence of typical auscultatory findings (Fig. 1) . Demographic and clinical data on the control group and subjects with mitral valve prolapse are given in Extensive recordings of the mitral valve were made from all available parasternal acoustic windows. M-mode tracings included multiple sweeps across the mitral valve from the left ventricle to the aorta along differently oriented paths as well as transverse scans of the valve, analogous to the T scan introduced for left ventricular measurements by Henry et al. (16) . Two-dimensional recordings of the mitral valve were made in parasternal long-and short-axis and apical four chamber views in all subjects.
Computerized analysis. Our computer-assisted system was designed to assess quantitatively the spectrum of mitral valve abnormalities suggested by Barlow and Pocock (15) and our preliminary observations, which are depicted schematically in Figure 2 . Because the nonplanar ("saddle") shape of the mitral anulus can produce apparent prolapse of normal mitral valves in the four chamber view as demonstrated recently by Levine et al. (17) , we limited our computerized analysis of two-dimensional echocardiograms to the parasternal long-axis view. In contrast to the normal systolic position of the mitral leaflets on the left ventricular side of the mitral anulus ( Fig. 2A) , the mitral leaflets protrude into the left atrium in patients with "billowing" (Fig.  2B) . Reduction in the extent of mitral leaflet coaptation with little or no billowing might be produced by dynamic mitral anulus dilation (Fig. 2C) .
A computer program was written in UCSD Pascal by one of the investigators (R.P.) for use on a Diasonics CardioRevue Center (option 4) two-dimensional echocardiogram re- view station. This system permits operators to locate points and trace interfaces from stop-frame videotape images by use of a digitizing tablet linked to the video monitor and interacting with the computer program.
After repeated review of each two-dimensional parasternallong-axis view, a cardiac cycle was selected that allowed the best visualization of the anterior and posterior mitral leaflets from base to tip and the chord across the mitral anulus from the base of one leaflet to the other throughout the cardiac cycle. A late diastolic frame was chosen and the system calibrated for both vertical and horizontal axes. Hinging points at the base of the anterior and posterior mitral leaflets were identified, which the computer used to locate the plane of the mitral anulus. The leading edges of the mitral leaflets were then traced from their base to free edge to determine their position and length. The entire systolic period of this cycle (from the beginning of the R wave of the electrocardiogram to the next opening of the mitral valve) was examined frame by frame in stop-action format. Digitization was performed by one operator who had no knowledge of clinical or strip chart M-mode findings. Digital data from each echocardiographic frame were stored on disk for further analysis. The accuracy of measurements in both Figure 3 . Computer print out depicting size and position of the mitral leaflets and anulus frame by frame, from late diastole through systole into the next diastole as seen in the parasternal long-axis two-dimensional view in a patient with mitral leaflet billowing. A calibration scale (em) is given at the bottom; the number below each frame is the inclination of the mitral anulus in degrees from the horizontal axis.
horizontal and vertical axes was verified using images of known dimensions from an ultrasound phantom.
An example of sequential frame by frame graphic display in the original orientation of mitral valve motion throughout the cardiac cycle in a patient with leaflet billowing is shown in Figure 3 and a single still frame of the original twodimensional echocardiogram is shown in Figure 4 . A measurement calibration scale is included in this display as is the Figure 4 . Two-dimensional echocardiographic frame from the patient in Figure 3 illustrating billowing of the anterior and posterior mitral leaflets (arrows). Abbreviations as in Figure 2 .
inclination of the mitral anulus on each frame in degrees from the horizontal axis, assuming "3 o'clock" as 0° and "12 o'clock" as 90°. Data obtained from the digitized mitral images included length of the anterior and posterior mitral leaflets and the mitral anulus diameter on each frame. The length of the anterior and posterior mitral leaflets was measured just before mitral valve closure. Mitral anulus diameter was measured in 12 sequential frames, from the beginning of the R wave to the frame just before mitral valve opening.
Diagnosis of mitral valve prolapse. All diagnostic and quantitative evaluation of the mitral valve was performed blindly, with no knowledge of either clinical findings or results of the alternate two-dimensional or M -mode echocardiographic technique. Standard criteria for M-mode echocardiographic diagnosis ofmittal prolapse were used (2, 18, 19) , with two-dimensional echocardiographic verification of correct beam angulation. As previously described (19) , diagnosis of mitral valve prolapse is made only when the continuous mitral leaflet interfaces both 1) move at least 2 mm behind the C-D line for late systolic prolapse or at least 3 mm behind the C-D line for holosystolic prolapse, and 2) exhibit "turning around," with actual posterior motion away from the transducer. The diagnOSIs of mitral valve prolapse by these criteria in our laboratory has proved to be highly reproducible (57 [95%] of 60) in studies performed 19 to 54 months apart (20) . In studies in our laboratory (21) , these echographic criteria were associated with a typical systolic click or murmur, or both, in 166 (94%) of 176 patients with mitral valve prolapse, and were closely related to biologic features of mitral prolapse including inheritance (3) and low body weight (5) .
Diagnosis of mitral leaflet billowing. This diagnosis was made by two-dimensional echocardiography if one or both mitral leaflets protruded across the plane of the mitral anulus into the left atrium in systole, as recommended by previous investigators (22, 23) . As suggested by Levine et al. (17) , only the parasternal long-axis view was examined for the diagnosis of mitral valve prolapse because a nonplanar shape of the mitral anulus can produce the appearance of mitral prolapse in the apical four chamber view in normal subjects. In addition, the degree of rotation of the mitral anulus (quantitatively assessed from the computed mitral anulus slopes), exaggeration of which has been reported in mitral valve prolapse (23;24) , was evaluated to determine whether abnormal mitral anulus rotation might contribute to posterior motion of mitral leaflets detected as mitral prolapse by M-mode echocardiography.
Statistical analysis. Differences between two frequencies are evaluated by the chi-square test with Yates continuity correction or the Fisher exact test (25) . Differences between more than two frequencies are evaluated by chi-square test followed by multiple comparisons for proportions (26 
Results
Two-dimensional and M-mode echocardiographic mitral valve prolapse. Compared with auscultatory and conventional M-mode criteria of mitral valve prolapse, digital analysis of two-dimensional long-axis views demonstrated mitral leaflet billowing beyond the annular plane in 24 of the 48 subjects with mitral prolapse (50% sensitivity) and in 0 of the 35 control subjects (lOO% specificity). Systolic rotation of the mitral anulus between presystolic and end-systolic frames, as assessed by degrees of clockwise rotation of the annular slope, was not statistically different in the control group (10 ± 7) from patients with or without leaflet billowing (11 ± 7 and 14 ± 8, respectively).
Mitral valve and left ventricular dimensions (Tables 2 and  3) . No difference was observed between normal men and women in mitral valve leaflet lengths and anulus diameters, but left ventricular internal dimensions were significantly greater in normal men ( Table 2 ). The gender-related differences in left ventricular internal dimensions disappeared when values were indexed for body surface area, whereas mitral valve dimensions became larger in normal women than in men when indexed for body surface area or left ventricular internal dimensions. Subjects with mitral valve prolapse likewise showed no difference in mitral valve dimensions between women and men and the left ventricular internal dimensions exhibited the same gender-related differences as in the control group.
No differences were observed between subjects with mitral valve prolapse and control subjects in anterior mitral leaflet length (2.01 ± 0.30 versus 2.00 ± 0.31 cm, NS) or posterior leaflet length (1.44 ± 0.28 versus 1.45± 0.22 cm, NS). Although late-diastolic and end-systolic mitral anulus diameters were similar in normal individuals and the subgroups of subjects with prolapse with or without leaflet billowing (Table 3) , striking differences among the groups were observed in the variations in mitral anulus diameter during systole. In both normal subjects and those with mitral prolapse, with or without leaflet billowing, the mitral anulus diameter diminished in early systole before increasing in mid and late systole during the period of left ventricular pressure development. In accord with previous observations by Ormiston et at. (27) , the pattern of dynamic variation during systole of mitral annular dimension was nearly identical in subjects with mitral valve prolapse with leaflet billowing and in normal adults. However, subjects with mitral valve prolapse without billowing exhibited a progressive increase in annular diameter throughout systole (Fig. 5) . Systolic annular expansion from its smallest dimension in early systole was significantly greater in subjects with nonbillowing mitral valve prolapse (41 ± 14%) than in control subjects (27 ± 12%) or those with leaflet billowing demonstrated in the parasternal long-axis view (22 ± 11%) (p < 0.0001 for both comparisons). The ratio of the sum of anterior and posterior mitral leaflet lengths to late systolic mitral annular diameter was significantly lower in subjects with mitral prolapse without mitral leaflet billowing (1.09 ± 0.12) than it was in either control subjects (1.19 ± 0.15, p < 0.01) or those with mitral valve prolapse with leaflet billowing 0.21 ± 0.17, p < 0.05), thus supporting Barlow and Pocock's OS) hypothesis that loss of leaflet apposition may occur in subjects with mitral valve prolapse without leaflet billowing.
Demographic and clinical findings in subjects with mitral valve prolapse with and without mitralleaftet billowing (Table  4) . No significant differences existed among study groups in age or sex. Typical auscultatory features of mitral valve prolapse were present in 20 (83%) of 24 subjects with mitral valve prolapse with mitral leaflet billowing and in 22 (92%) of 24 subjects with mitral valve prolapse without mitral leaflet billowing, with a similar distribution of clicks and murmurs in the two groups. In contrast to the lack of differences between subjects with mitral valve prolapse with and without mitral leaflet billowing in age, gender or auscultatory findings, a trend toward low body weight was observed in those without leaflet billowing that became significant (p < 0.005 versus control subjects) when the body mass index was considered. Furthermore, both groups of patients with mitral valve prolapse had a slightly lower systolic blood pressure than did control subjects, a difference that reached statistical significance when the two groups of patients with prolapse were considered together (118 ± 14 versus 125 ± 18
mm Hg in control subjects, p < 0.05). Patients with mitral valve prolapse with and without leaflet billowing had similarly higher prevalences of thoracic bony abnormalities on physical examination compared with control subjects. Familiality of mitral valve motion pattern. For analysis of familiality of the observed patterns of mitral prolapse, the first subject with mitral prolapse in each family in whom the presence or absence of leaflet billowing was documented was considered to be the index case. Twenty-three subjects with mitral valve prolapse in the present study (13 with and 10 without billowing) were index cases with at least one relative in whom mitral prolapse was documented by Mmode echocardiography with technically adequate visualization of the mitral valve in the parasternal long-axis view during the course of our prospective family study (3, 5, 8) . In classifying the affected family members (6 in the present study and 29 additional subjects) we found that all 19 affected relatives of the probands with billowing presented an identical echocardiographic pattern and 12 of the 16 affected relatives of the probands without billowing likewise exhibited nonbillowing mitral valve prolapse (chi-square = 18.5, with Yates correction, p < 0.0001; Fisher exact test p < 0.000002) with a total concordance of 31 (89%) of 35 relatives (95% confidence limits; 78 to 100%) ( Table 5 ). The one family in which both parents of the proband exhibited mitral valve prolapse was not included in this classification because the father had mitral prolapse with leaflet billowing and the mother had nonbillowing prolapse; two of their three children with mitral prolapse exhibited leaflet billowing and one did not.
Discussion
Over the quarter century since a midsystolic click and a late systolic murmur were first securely linked to a mitral valve origin (28) , it has come to be accepted that mitral valve prolapse is due to billowing of anatomically redundant mitral leaflets superiorly and posteriorly into the left atrium during systole (22, 23, (29) (30) (31) (32) (33) (34) (35) (36) . Recently, this concept of a single pattern of mitral valve abnormality in subjects with mitral valve prolapse was challenged by Barlow and Pocock (15) , who suggested that, although some subjects have leaflet billowing, in others prolapse is due to acute dilation of the mitral anulus, in accord with previous pathologic demonstration of a dilated mitral anulus in patients with severe forms of mitral valve prolapse (35) (36) (37) . The results of our present study not only provide support for the concept advanced by Barlow and Pocock (15) but also refine it by indicating that the mitral anulus abnormality in mitral valve prolapse without billowing is dynamic expansion during each systole, rather than rapidly developing structural dilation of the anulus.
Role of mitral leaflet billowing and dynamic annular expansion. Our data, obtained by using computer-assisted quantitative frame by frame analysis of two-dimensional echocardiograms, demonstrate that conventional auscultatory and M-mode echocardiographic manifestations of mitral valve prolapse may be produced by two patterns of mitral valve abnormality. Thus, subdivision of subjects with mitral valve prolapse into groups that did or did not demonstrate systolic billowing of one or both mitral leaflets into the left atrium in systole in the parasternal long-axis view revealed that those without mitral leaflet billowing exhibited strikingly greater dynamic enlargement of the mitral anulus during late systole (p < 0.000l) than did either normal adults or subjects with mitral valve prolapse with leaflet billowing (Table 3 and Fig. 4 ). This finding suggests that the acute annular dilation proposed by Barlow and Pocock (15) as the cause of mitral valve prolapse without billowing actually reflects a functional abnormality of the mitral anulus rather than a permanent enlargement.
The recent observation (38) of disjunction between the mitral anulus and left ventricular myocardium in patients without mitral leaflet enlargement on pathologic study provides a possible anatomic explanation for this phenomenon.
The observation by Angelini et a1. (39) that annular disjunction occurs independently of gross anatomic mitral leaflet abnormalities characteristic of mitral prolapse is compatible with the evidence of abnormal annular distension without leaflet enlargement found in our study. However, further studies comparing dynamic annular behavior in vivo to necropsy findings are needed before annular disjunction can be accepted as the cause of the abnormal mitral anulus function in non billowing mitral valve prolapse.
Familiality of patterns of mitral valve prolapse. The strong familiality of patterns of mitral valve prolapse exhibited by affected relatives in 23 families of the present study group suggests the existence of two genetically distinct entities that share auscultatory and M-mode echocardiographic features. Both types of mitral valve prolapse were strongly (p < 0.001) associated with thoracic bony abnormalities, an established phenotypic feature of this heritable condition. Similarly, systolic blood pressure tended to be lower in subjects with both patterns of mitral prolapse than in control subjects. In contrast, the phenotypic feature of a low body mass index was only significantly associated with mitral prolapse with dynamic annular expansion without leaflet billowing. These data suggest that this subtype of mitral valve prolapse may account for the low body weight reported in previous clinical (9) , population (6) and family (5) studies of mitral prolapse. Although too few subjects with mitral valve prolapse complicated by severe mitral regurgitation were included in the present study (4 of the 35 relatives with mitral prolapse) to allow conclusions to be drawn about whether this complication is preferentially associated with one pattern of prolapse, other recent studies (40) (41) (42) suggest that most patients with mitral prolapse complicated by important mitral regurgitation exhibit leaflet billowing associated with valvular enlargement.
Our data suggest that clear-cut mitral leaflet billowing occurs in approximately half of subjects with mitral valve prolapse, and might therefore affect 1.5 to 2% of adults based on current estimates of an overall prevalence of mitral prolapse of 3 to 4% in un selected populations (19, 43) . However, our data cannot provide a definitive estimate of the prevalence of billowing or non billowing forms of mitral valve prolapse in un selected populations, because we studied a combination of subjects with clinically recognized mitral valve prolapse and affected relatives in families of index cases with clinically recognized mitral prolapse. Further study will be required to obtain reliable estimates of the prevalence of the different patterns of mitral valve prolapse.
Gender difference in relation between mitral valve and left ventricular size. Our findings in normal subjects suggest that the more consistent expression of the mitral valve prolapse gene or genes in women than in men may be at least partially explained by cardiac geometry. Thus, in accord with previous studies (44) (45) (46) , left ventricular internal dimensions were larger in our normal men than in our normal women, a difference that was abolished by indexation for body surface area. In contrast, un indexed mitral valve anulus and leaflet dimensions did not differ between normal men and women, and the ratio of mitral valve dimensions to body surface area or left ventricular dimensions tended to be larger in normal women. The lack of gender differences in mitral valve dimensions has also been found in pathologic studies of up to 2,000 normal hearts (47, 48) . These observations suggest that normal women have a relatively more redundant mitral valve than do normal men and thus might require more subtle disturbances of valve architecture or function to express mitral valve prolapse. Although our findings in subjects with mostly uncomplicated mitral valve prolapse do not directly support this hypothesis, this result is not surprising in view of the relatively small number of subjects in the prolapse groups with and without leaflet billowing (n = 24 in each) and the confounding interindividual variability of mitral valve dimensions seen in both normal and prolapse groups.
One negative result of the present study may also have implications for theories of the pathogenesis of mitral valve prolapse. Contrary to expectations, we were not able to demonstrate significant enlargement of mitral leaflet or anulus dimensions in our subjects with leaflet billowing, in contrast to previous observations in groups of patients in whom billowing of enlarged mitral leaflets was accompanied by severe mitral regurgitation (41, 42) . This suggests that leaflet billowing may in at least some subjects be due to abnormalities other than valve enlargement. One possible mechanism is deficient chordal support to portions of the mitral leaflets, as has been documented in some pathologic studies of mitral valve prolapse (49) (50) (51) .
Implications. The data obtained in the present study confirm the hypothesis of Barlow and Pocock (15) that clinical and conventional echocardiographic features of mitral valve prolapse can be produced either by systolic billowing of mitral leaflets into the left atrium or by disjunction of the mitral anulus. Separation of our patients with mitral prolapse into groups based on the pattern of mitral valve abnormality revealed significant differences between groups in body mass index. This concordance between valvular and extravalvular abnormalities suggests that two phenotypically distinct forms of mitral valve prolapse exist, one type being characterized by systolic leaflet billowing into the left atrium, whereas the second type is characterized by dynamic systolic expansion of the mitral anulus -allowing reduction in leaflet apposition in lean patients. The familial clustering of patterns of mitral valve prolapse in the present study (Fisher exact test, p < 0.000002) strongly suggests that the two phenotypic patterns we have observed represent genetically distinct entities due to as yet unknown molecular defects.
